Abstract -A population of European honey bees (Apis mellifera) surviving Varroa destructor mite infestation in Sweden for over 10 years without treatment, demonstrate that a balanced host-parasite relationship may evolve over time. Colony-level adaptive traits linked to Varroa tolerance were investigated in this population to identify possible characteristics that may be responsible for colony survival in spite of mite infestations. Brood removal rate, adult grooming rate, and the mite distribution between brood and adults were not significantly different in the untreated population compared with treated control colonies. However, colony size and the reproductive success of the mite were significantly reduced in surviving colonies compared with control colonies. Our data suggest that colony-level adaptive traits may limit mite population growth by reducing mite reproduction opportunities and also by suppressing the mite reproductive success.
INTRODUCTION
Host-parasite interactions in social insects are intricate with two different levels in which social insects can defend themselves against parasites: (1) by innate individual-level immune responses and (2) by adaptive colonylevel defence mechanisms. At the individual level, the immune system of the European honey bee, Apis mellifera, is not welldeveloped compared with other insects (Evans et al. 2006) , and rather, they rely heavily on colony-level adaptive mechanisms for defence. The parasitic Varroa destructor mite has become a major threat to apiculture with European races of A. mellifera throughout most of the world in contrast to the African honey bee race A. mellifera scutellata and the Africanized bees in South America (Rosenkranz et al. 2010) .
By feeding on the hemolymph of adult bees (during their phoretic phase) and developing bees (during their reproductive phase), the mite vectors naturally occurring otherwise latent viruses which can develop into severe overt infections and potentially lead to colony mortality (Allen and Ball 1996; Nordström et al. 1999; Martin 2001; Sumpter and Martin 2004) .
Mite control methods, which are used in apiculture to limit the mite population and avoid colony losses, can be problematic for several reasons. Chemical residues can build up in hive products (Bogdanov et al. 1998; Wallner 1999) ; mites can develop resistance to effective acaricides (Sammataro et al. 2005) ; some methods cause damage to bees (Imdorf et al. 1990 (Imdorf et al. , 1999 Charrièr and Imdorf 2002) , but most importantly, they remove the selective pressures on the mites and the host that may otherwise produce a stable host-parasite relationship through co-adaptive evolution (Fries and Camazine 2001) .
A stable host-parasite relationship is seen between the mite and its natural host, the Asian honey bee, Apis cerana. In this system, through a long evolutionary process, the Asian honey bee has adapted unique colony-level defence mechanisms, such as preventing mite reproduction in worker brood and entombing mites in drone brood, thereby limiting the mite population growth to a tolerable level where colony mortality rarely occurs (reviewed in Rath 1999) . The Africanized honey bees in South America, descendants of A. mellifera scutellata, also exhibit tolerance to V. destructor and a variety of defence mechanisms, such as behavioural traits (Corrêa-Marques and De Jong 1998; Boecking and Spivak 1999; reviewed in Rosenkranz 1999) and reduced mite reproductive ability (Medina et al. 2002; Martin and Medina 2004; Mondragon et al. 2006 ) have been reported to explain their survival without mite control treatments. In addition, in the African bee race A. mellifera scutellata, the bees and/or the mites have adapted to a stable host-parasite relationship within 5-6 years from exposure (Allsopp et al. 1997; Allsopp 2006) . These African and Africanized hybrid bees may have different genetic or environmental advantages for Varroa tolerance compared with the European races of A. mellifera, but their tolerance mechanisms are still unclear. Breeding programmes, with efforts to produce mite-tolerant strains of European honey bee races, have had some success most notably with bees expressing the Varroa-sensitive hygiene trait (Harbo and Harris 2005; Ibrahim and Spivak 2006) and bees of the Russian-hybrid stock (Rinderer et al. 2001 ), yet mite population monitoring and mite control treatments are still required for the survival of these bees (Tarpy et al. 2007 ).
There have been reports on populations of European honey bee races surviving mite infestation for long periods without mite control treatment (De Jong and Soares 1997; Kefuss et al. 2004; Fries et al. 2006; Le Conte et al. 2007; Seeley 2007) , however little has been described concerning their tolerance mechanisms or colony characteristics. In an attempt to consider both the host and the parasite in co-adaptation processes, Fries and Bommarco (2007) demonstrated that mite tolerance in one of these surviving populations is a product of adapted traits of the bees and not of the mites. This could be the case for other surviving populations in Europe because of the low genetic variation in European mites, due to their clonal origin (Solignac et al. 2005) . These surviving populations may hold an answer to the selective process of achieving a stable relationship between A. mellifera and V. destructor and give insight into colony-level adaptations of mite infestation.
The objective of this study was to unravel the mechanisms responsible for the increased mite tolerance in a population of surviving European honey bee colonies in Sweden on the island of Gotland in the Baltic Sea. This population was established as part of a natural selection experiment called the "Bond-Project" and has survived since 1999 without mite control or beekeeping management and with exposure to severe mite infestation selection pressure. For a more detailed explanation on the background of these surviving honey bee colonies, refer to Fries et al. (2003; and Fries and Bommarco (2007) .
This study was an exploratory investigation of colony-level characteristics that have been linked to, or suggested to be important for, mite tolerance in European races of honey bees. These characteristics include: (1) hygienic behaviour, the ability of honey bees to detect and remove mite-infested brood (Spivak 1996; Spivak and Reuter 2001) ; (2) grooming of adult bees, a behaviour resulting in capturing and damaging of adult mites (Moosbeckhofer 1992; Moretto et al. 1995) ; (3) colony size and temporal dynamics, a characteristic known to greatly influence the mite population given the importance of brood amounts for mite reproduction (Fries et al. 1994; Calis et al. 1999) ; (4) brood attractivity, measured by the distribution ratio of mites on adult bees (phoretic mites) and in the brood (reproducing mites), can influence the proportion of reproducing mites in the colony and therefore the growth rate (Boot et al. 1993 ) and (5) suppression of mite reproductive ability and success, an important parameter able to greatly affect the mite population (Fries et al. 1994 ; Rosenkranz and Engels 1994).
MATERIALS AND METHODS
The study was conducted from June through September in 2008 and 2009 . The population of surviving honey bee colonies (N=14) was studied in a single apiary on the southern part of the island Gotland, Sweden, with the mite-susceptible control colonies (N=12) in an apiary approximately 20 km away. A second apiary was established in Uppsala, Sweden, in 2009, with colonies headed with queens produced and mated within the population of the surviving colonies on Gotland (N=7) and with a control group (N=7) in the same apiary.
The control apiary on Gotland was effectively treated for mites in the autumn of 2007 and therefore had only a few mites during the 2008 season. The control colonies were not treated in 2008 so the mite population was able to increase during 2009. Every measurement was compared with control colonies at the same time except for grooming behaviour in 2008 since no mites were available in the control colonies to examine. The surviving colonies were sometimes weak or did not have brood due to supersedure and therefore the actual number of colonies examined varied for different traits at each visit.
Hygienic behaviour
On Gotland in 2008, hygienic behaviour was tested in surviving and control colonies in June, July and August, and again in July 2009, both in Uppsala and on Gotland. One hundred pupae in each colony were marked and pin-killed (Palacio et al. 2000) while 100 cells in the same brood area were marked without pin-killing, for control. The proportion of removed killed pupae was recorded at 12 and 24 h after pinning to determine hygienic behaviour expressed as the brood removal rate. Every test was conducted on the surviving colonies and control colonies on the same day and approximately at the same time of the day.
Grooming behaviour
Grooming behaviour was tested in surviving colonies in June, July and August of 2008 on Gotland and in surviving and control colonies in August 2009 in Uppsala. Bottom-board metal slide-in trays were used to collect colony debris and remained under the colony for 7 days before examination. The proportion of damaged mites in colony debris was recorded in surviving colonies and in control colonies to determine the adult bee grooming rate or grooming behaviour (Bienefeld et al. 1999 ).
Colony size and temporal dynamics
Colony size was measured in surviving and control colonies on Gotland in June, July and August of 2008, July, August and September of 2009 and in August of 2009 in Uppsala. Population estimates of the adult bees, worker brood and drone brood were made using the Liebefeld Estimation Method (Imdorf et al. 1987 ) to determine colony size and analysed over time to determine temporal dynamics of colony size.
Brood attractivity and Varroa mite infestation and distribution
Samples for determining mite infestation rates were taken on the same dates as colony size measurement. The phoretic Varroa mite infestation rates were determined by washing samples of around 200 bees in each sample with soapy water to dislodge the mites to count them as a sample proportion (De Jong et al. 1982; Fries et al. 1991a ). Adult bees were collected from the brood chamber of the hive. The Varroa infestation rates in worker brood were calculated as the proportion of infested cells in a sample. This was measured when cells were opened for examination of mite reproduction or otherwise by opening 100 randomly selected pupal cells in the field (Fries et al. 1991b ). The number of mites on adults in the colony was calculated by multiplying the infestation rates of adults by the number of adult bees in the colony. Using colony brood estimations, the same procedure was done to calculate the number of mites in brood. The total number of mites on adults and in brood was added together to produce the total number of mites in the colony. The mite distribution was then determined as proportions of mites on either adult bees or in brood of the total mite population within the colony. The mite distributions were used to determine the effect of brood attractivity.
Suppression of mite reproductive success
Mite reproductive parameters were recorded in surviving colonies in August 2008 on Gotland with control colonies in Uppsala recorded in July 2008. In 2009, records were made both in surviving and control colonies on Gotland in July and in Uppsala in August. Sealed worker brood cells containing pupae older than approximately 190 h (brown eyes and yellow body stage, according to Martin 1994) were carefully opened and pupae removed in the laboratory. The developmental stage of each pupa was recorded based on the appearance description given by Martin (1994) . Complete mite families from single-mother mite-infested cells were removed using a fine brush and examined under a stereo microscope.
Within each pupal cell, the following information was collected:
1. Whether the mother mite reproduced, 2. The total number of offspring per mother mite, 3. Whether an alive male was present or absent, 4. The number of dead mite progeny, and 5. The developmental stage of each individual mite offspring.
The collected information was then used to determine the reproductive success measured as the ability of the mother mite to produce at least one viable mated female offspring at the time the developing bee hatches from the cell. The information collected was further used to explain fecundity and which parameter that was most often responsible for any reproductive failure. Such failure could depend on infertility, absence of male offspring, high proportion of mite offspring mortality, or delayed egg-laying by the mother mite.
The yellow thorax stage of the pupae is the longest stage ranging from approximately 190-240 h, and the male mite does not become adult until about 210 h (Martin 1994) . Therefore, any yellow thorax-stage recording where no adult male mite was observed was recorded as uncertain since immature male mites are difficult to distinguish from early developing female mite offspring. A total of 22 cells in the control population and 24 cells in the surviving population were considered uncertain and were therefore not included in the analysis. For each colony examined, the proportions of the different reproductive parameters were used in the statistical analysis. In the surviving population, a total of 614 cells were examined in 23 colonies, and a total of 592 cells were examined in the 21 control colonies with observations between ten and 35 cells per colony.
Statistical analysis
All statistical analyses were performed in SAS 9.1 for Windows.
We used linear repeated-measures mixed-effects models (SAS proc Mixed) to independently test the effects that surviving colonies compared with control colonies (treatment groups) had on brood removal rate (hygienic behaviour), adult grooming rate (grooming behaviour), colony size, mite infestation, mite distribution (brood attractivity) and the proportion of successfully reproducing mites (along with the various parameters measured to determine mite reproductive success). The covariance structure for the repeated factor was selected based on the Aikaike's information criteria (Littell et al. 1996) .
In order to test for all possible effects, we started by analysing full models including all possible explanatory variables such as treatment, mite infestation, colony, date and location. Non-significant variables (P>0.05) were sequentially excluded from the model starting with the higher order of interactions while factors that were significant or part of significant interactions were kept in the model (Crawley 2002) . The assumption of normality and equal variance were verified by analysis of residuals (Littell et al. 1996) . The Satterthwaite method was used to approximate denominator degrees of freedom in all models (Littell et al. 1996) . Correlation analysis was used to compare the variation in colony size due to mite infestation rates. 
RESULTS

Hygienic behaviour
Grooming behaviour
The adult bee grooming rate in 2008 was only measured on mites from the surviving colonies, 0.31±0.02 (x AE SE, n=1174), since no mites were found in the control group that year. In the Uppsala apiary in 2009, the proportion of damaged mites in surviving colonies, 0.36±0.04 (x AE SE, n=135) was not significantly different (P>0.05) than in the control colonies, 0.46±0.04 (x AE SE, n=109).
No other variables included in the model had any significant effect on the grooming behaviour (P>0.05).
Colony size and temporal dynamics
Colony size measurements were significantly reduced in the surviving colonies compared with control colonies (adult bees, F 1, 56.7 = 28.94, P<0.0001, Figure 1a ; worker brood, F 1, 42.7 =7.81, P=0.0078 Figure 1b and drone brood, F 1, 21.5 =10.35, P=0.0040, Figure 1c) . Date also had a significant effect on colony size (adult bees, F 4, 64.7 =6.23, P=0.0003; worker brood, F 4, 78.6 =8.65, P<0.0001 and drone brood, F 4, 83.7 =7.91, P<0.0001), however the two populations showed significantly different temporal dynamics between adult bees and drone brood production but not for worker brood production (adult bees, F 4, 68.9 =3.72, P=0.0085; drone brood, F 4, 84.4 =3.11, P= 0.0193; Figure 1 ). In 2008, the mite infestation rates in the surviving colonies on adult bees for June, 0.02±0.004 (x AE SE, n=12); July, 0.05± 0.03 (x AE SE, n=6) and August, 0.07±0.03 (x AE SE, n=12) did not correlate significantly with the number of adult bees in the colonies (R=−0.23; n=30; P>0.05). The mite infestation rates in the worker brood of the surviving colonies in June 0.09±0.03 (x AE SE, n=12); July, 0.09±0.03 (x AE SE, n=6) and August, 0.17±0.04 (x AE SE, n=12) of 2008, also did not correlate with the number of worker brood production (R=−0.33; n=30; P>0.05). Therefore, the reduced colony size in the surviving population was not an effect of mite infestation.
Brood attractivity and Varroa mite infestation and distribution
Date significantly affected the number of mites within the colonies (F 1, 57.2 =13.54, P< 0.0001). In 2008, no mites were recorded in the control colonies, although by July 2009, the average mite infestation rates in adults, 0.05± 0.01 (x AE SE, n=13) and in brood 0.12±0.03 (x AE SE, n=13) were similar to those of the surviving colonies (adult, 0.07±0.02; brood, 0.13±0.03; x AE SE, n=11). The mite population growth rate measured on adult bees over time from July to September 2009 was significantly faster in the control colonies compared with surviving colonies (F 4, 60.9 =5.59, P=0.0007, Figure 2 ). During the summer of 2009, the adult bee mite infestation rates were significantly correlated with the number of adult bees in the control colonies (R=−0.62; n=30; P>0.001), and mortality occurred in all these colonies by the following winter. In contrast to 2008, there was a correlation between the adult bee mite infestation rates and the number of adult bees in the surviving population in 2009 (R=−0.45; n= 37; 0.001<P<0.01). However the surviving population survived the winter.
The distribution of mites between adult bees and brood did not show any significant difference (P>0.05) between the surviving colonies and control colonies.
Suppression of mite reproductive success
A highly significant difference was observed in the average proportions of successfully reproducing Varroa mites between the surviving colonies 0.48±0.02 (x AE SE, n=23) and the control colonies 0.78 ± 0.02 (x AE SE, n=21, ally, each parameter investigated for determining the proportion of mites successfully reproducing was significantly different between the surviving population and the control population (Table I ). The fecundity of the mother mites, excluding mites that did not reproduce, was also significantly different between the two populations (Table I) .
DISCUSSION
Our results clearly demonstrate a significant reduction in the reproductive success of Varroa mites (measured as the ability to produce at least one viable offspring) in a European population of A. mellifera colonies where no mite control was practiced for more than 10 years. The surviving colonies had on average almost twice the proportion of infertile mites, more than twice the proportion of dead progeny, significantly reduced fecundity and an overall reproductive success rate of less than 50% compared with over 75% in control colonies. Delayed egglaying by the mother mites was proportionally the most frequent cause of reproductive failure with dead progeny as the second most common cause. Reduced fecundity, along with the reduced ability to produce viable female offspring clearly, is important to explain the lower mite infestation rates in the surviving population.
Although differences were small, mite infertility was significantly different between the surviving and control populations in this study. This result contrasts the observations by Rosenkranz et al. (2009) who were unable to show a difference Figure 1 . Mean colony size estimations on the number of a adult bees, b worker pupae and c drone brood, with standard error bars, in 2008, for surviving honey bee colonies (solid line) through June (n=12), July (n=6) and August (n=12), and for control colonies (dotted line) through June (n=10), July (n=4) and August (n=4) on Gotland. in mite infertility between different European honey bee races, surviving honey bees from Gotland or bees selected for Varroa-sensitive hygienic behaviour. However, Rosenkranz et al. (2009) were able to find different cuticular compounds on the bees in their study which could possible reduce (Millani et al. 2004) , or stimulate (Garrido and Rosenkranz 2003; , V. destructor reproduction in different ways including the fertility, fecundity, egg-laying initiation and possibly even mite progeny mortality all together, thereby limiting the reproductive success of the mite. This hypothesis needs further investigation with detailed observations on mite reproduction in relation to the cuticular compounds described.
Based on the results of this study, neither hygienic behaviour nor grooming behaviour can be considered characteristics responsible for the mite tolerance observed in this surviving honey bee population in Sweden. Therefore, selection for these traits was probably not as important as traits related to mite reproduction for their survival with Varroa mites. This is an important observation considering the attention mite-resistant breeding programmes put towards these behavioural traits (Büchler et al. 2010; Rinderer et al. 2010) . Furthermore, expressions of these behavioural traits are difficult to properly determine. The type of damage recorded for grooming behaviour included mutilated legs and dorsal shields as well as dimples in the dorsal shields. The latter has recently been shown to also result from birth defects (Davis 2009) , and therefore the actual damages caused by bees may have been overestimated in this study. Bees can also damage already-dead mites (Rosenkranz et al. 1997) , and the actual level of bee damages to vital mites is difficult to estimate from debris observations. Table I . Means with standard errors, F values and P values for the differences in the proportions of infertile mites, dead progeny, absence of male progeny, delayed egg-laying and the average fecundity of mother mites, between surviving (n=23) and control colonies (n=21).
Infertility
Dead The amounts of adult bees, worker brood and drone brood were significantly lower in the surviving colonies compared with the control colonies. Since mites reproduce in the brood cells with preference for drone brood (Fuchs 1990) , the reduced amounts of brood availability, in particular drone brood, in the surviving population consequently limits the reproductive opportunities for the mites. Hence, reduced colony size may be an adaptive characteristic of the surviving colonies to limit the mite population growth rate. In addition, it was clear that the smaller colony size of the surviving population was not a symptom of mite infestation since no statistically significant effects were observed on colony size from the mite infestation rates. Inbred honey bee colonies can also result in reduced colony size and since an inbreeding potential exists in the surviving colonies from Gotland due to their isolation, the level of inbreeding in this population should be investigated.
The control colonies were not treated in the fall of 2008 and by July 2009 the average mite infestation rate between the surviving and control colonies were nearly the same. However, by late September, the mite population in the surviving colonies was significantly lower compared with the control colonies. This is congruent with earlier reports on this surviving population by Fries and Bommarco (2007) who showed mite infestation rates 82% lower in surviving colonies compared with the control colonies in the fall. Our results, however, could not confirm their hypothesis that brood attractivity could possibly play a role in the mite tolerance of this population. Although mite population growth rate was higher in control colonies, surviving colonies still had high rates of mite infestation and showed clinical symptoms of viral infections. Another potential survival mechanism in this population that should be investigated is a possible heightened individual immune response to the viral infections vectored by Varroa mites.
In conclusion, this study presents colonylevel characteristics in a population of surviving honey bee colonies that limit the mite population growth by either suppressing mite reproductive success or limiting mite reproductive opportunities by reduced brood production. Although the exact mechanisms behind these traits are not yet identified, the information collected from this investigation is a step forward towards understanding the adaptive processes of mite tolerance in honey bee colonies. The only documented sustainable tolerance to V. destructor mite in European honey bees are of colonies that have not been selected by humans but that have been exposed to natural selection pressures. Our current direction is to compare our data with other Varroa mite-tolerant European honey bee populations to gain a deeper understanding of the host-parasite interactions in such stable relationships.
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